Hematopoietic stem cells were isolated from normal adult mouse bone marrow based on surface antigen expression (Thy-l.l'""Lin"~Ly-6A/E+) and further selectedfor low retention of rhodamine 123. This another in which donor-derived cells were rare initially but expanded with time. This result suggests that two classes of long-term repopulating hematopoietic stem cells exist, differing in their ability t o function early in the course of T HE CHARACTERISTICS of the mouse hematopoietic stem cell have been gradually revealed through enrichment experiments performed by many investigators.',' One major finding has been the hierarchical nature of the stem cell compartment; while the traditional view of hematopoiesis implies a single class of hematopoietic stem cell, many experimental approaches have demonstrated that multipotent cells vary with respect to proliferation potential."' Some multipotent cells provide a rapid burst of differentiated progeny in all assayable lineages but do not provide durable engraftment of irradiated animals over many months or year^.^.^ Other multipotent cells have been described that provide durable engraftment but require weeks or months of residence in a transplant recipient or in vitro assay before obvious proliferation and differentiation
12 months) repopulation after transplantation of as few as 25 cells. Transfer of five genetically marked Rh-123"" cells in the presence of IO5 normal bone marrow cells resulted in reconstitution of peripheral blood by greater than 10% donor cells in 64% (30 of 47) of recipient mice. Of 46 animals surviving after 24 weeks, 10 had over 50% donor-derived cells in peripheral blood. Two general patterns of long-term reconstitution were observed: one in which many donor-derived cells were observed 5 t o 6 weeks after reconstitution and another in which donor-derived cells were rare initially but expanded with time. This result suggests that two classes of long-term repopulating hematopoietic stem cells exist, differing in their ability t o function early in the course of T HE CHARACTERISTICS of the mouse hematopoietic stem cell have been gradually revealed through enrichment experiments performed by many investigators.',' One major finding has been the hierarchical nature of the stem cell compartment; while the traditional view of hematopoiesis implies a single class of hematopoietic stem cell, many experimental approaches have demonstrated that multipotent cells vary with respect to proliferation potential."' Some multipotent cells provide a rapid burst of differentiated progeny in all assayable lineages but do not provide durable engraftment of irradiated animals over many months or year^.^.^ Other multipotent cells have been described that provide durable engraftment but require weeks or months of residence in a transplant recipient or in vitro assay before obvious proliferation and differentiation
The lineage relationships and overall contributions of each of these broad classes of hematopoietic stem cells to normal hematopoiesis and to bone marrow transplantation is not clear.
In certain strains of mice, the hematopoietic stem cell transplantation. Alternatively, distinct anatomic sites of engraftment may dictate these two outcomes from a single type of cell. As an approach t o measure the extent of selfrenewal by the injected cells, recipients of five or 200 stem cells were killed 8 t o 13 months after the transplants, and Thy-1.1'"WLin"'gLy-6A/E+ progeny of the original injected cells were isolated for a second transplant. While a numerical expansion of cells expressing the cell surface phenotype of stem cells was observed, along with activity in the colonyforming unit-spleen assay, the expanded cells were vastly inferior in radioprotection and long-term reconstitution assays when compared with cells freshly isolated from normal animals. This result demonstrates that in stem cell expansion experiments, cell surface antigen expression is not an appropriate indicator of stem cell function. This is a US government work. There are no restrictions on its use. compartment can be entirely localized within a population of cells characterized by low-level expression of the T lymphocyte antigen Thy-1.1, low or no detectable expression of a panel of markers specific for various differentiated hematopoietic lineages, and high-level expression of the Ly-6N E antigen."-'4 These Thy-l.1'o"Lin"'gLy-6A/E+ cells can be separated into two functionally distinct groups based on staining with the vital mitochondrial dye rhodamine-l23 (Rh-123). About one half of Thy-1.1'""LinnegLy-6A/E+ cells stain at high levels with Rh-123, and when isolated, these cells are highly enriched for short-acting multipotent progenitor cells, which are unable to provide durable engraftment. 7 The remaining half of the cells, which stain at low or intermediate levels with Rh-123, are capable of both rapidly engrafting in irradiated animals to provide immediate radioprotection and establishing sustained hematopoiesis over the life span of the ani mal^.^.''.'^ To investigate the frequency at which the long-term repopulating cell is represented within the Rh-123 low-staining population and to further define the radioprotective potential of these cells, we have isolated the cells that comprise the lowest 10% of the Rh-l23 staining distribution of Thy-1. 1'""Lin""gLy-6~+ cells (Rh-123'"" cells). These cells were transplanted into irradiated recipients, and the radioprotective and long-term repopulating potentials were determined. We found that both activities were highly enriched in the Rh-123'"" cell population.
To investigate expansion of the stem cell compartment in irradiated recipients of Rh-123'"" cells, transplant recipients were killed 8 to 13 months after the initial transplant, and donor-derived Thy-1. 1'o"Lin"'gLy-6A/E+ cells were again isolated from bone marrow. Although the recovery of these cells in some cases approached a 1,000-fold expansion over the input number, functional analysis in transplantation experiments showed that the expanded cells could not duplicate the activities of cells of the same phenotype isolated from normal animals. These results agree with previous studies showing that serial transplantation of marrow does not regen- For personal use only. on April 5, 2017 . by guest www.bloodjournal.org From erate a functional stem cell ~ompartment.4.''.'~ In addition, these studies show that the failure of serial transplantation is not due to a dilution of stem cells but rather to a defect associated with transplantation or expansion of the cells in the irradiated recipient. These observations demonstrate that caution must be exercised in experiments where stem cell expansion is assessed by cell surface phenotype, as this property of stem cells may not always be associated with stem cell function.
MATERIALS AND METHODS
Animals. C57BLKa-Thy-l .l (BL-Thy-l .l) and B6.SJL-CD45"-Pep3b (B6-Ly-5.1) mice were bred and maintained in the animal facility at Rocky Mountain Laboratories, National Institute of Allergy and Infectious DiseasesDJational Institutes of Health (NIAIDI NIH; Hamilton, MT). All animals were maintained on acidified (pH 2.5) drinking water and autoclaved chow (Purina Mills Inc, St Louis, MO) ad libitum.
Cell preparation. All manipulations of cells were performed using Hanks' balanced salt solution containing 3% fetal calf serum and 10 mmol/L HEPES buffer, pH 7.2 (HBSS). Bone marrow cells were prepared from young adult BL-Thy-1.1 mice (4 to 8 weeks old) by crushing femora and tibia in HBSS with a mortar and pestle. Low density cells were enriched by equilibrium centrifugation on a cushion of metrizamide (analytical grade; Accurate Chemical and Scientific Corp, Westbury, NY) at a density of 1.085 gImL. Lymph node cells were prepared from pooled inguinal, axillary, brachial, and cervical lymph nodes by gentle teasing with forceps followed by repeated pipetting and unit gravity sedimentation to remove connective tissue and yield a single-cell suspension.
Hematopoietic stem cell enrichments. Low-density bone marrow cells at a cell density of 5 X IO' cells per milliliter were reacted with a saturating solution of monoclonal antibody (MoAb) specific for antigens expressed by lymphoid, myeloid, and erythroid lineages for 20 minutes on ice, followed by a wash, as previously described.13 Twice-washed immunomagnetic particles (Dynal Inc, Great Neck, NY; sheep anti-rat Ig specificity) were added to the washed cells at a bead-to-cell ratio of 1: 1, and the mixture was incubated for 30 minutes at 4°C with constant mixing. The particles with attached cells were then removed from the solution by application of a magnetic field, and the remaining cells were collected and concentrated by centrifugation. A second round of bead depletion was performed. The lineage-depleted cells were then stained with fluorescein-conjugated anti-Thy-1.1 (clone 19XE5), phycoerythrin-conjugated antiLy-6AE (clone D7; Pharmingen, San Diego, CA), and biotin-conjugated anti-S~a-2'~ (clone E3 81-2.4), followed after a wash by streptavidin-Red613 (Immunoselect; Life Technologies, Inc, Grand Island, NY). The Sca-2 antigen is used in this selection protocol as a lineage antigen to label residual lineage' cells not removed by magnetic depletion, as most Sca-2' bone marrow cells are not long-term repopulating stem cell^.'^^*^ The cells were resuspended in HBSS containing I O pglmL propidium iodide and filtered through nylon mesh (pore size, 88 pm; Small Parts, Inc, Miami Lakes, FL) before flow cytometric separation. A FACStar instrument, modified for fiveparameter operation (Becton Dickinson Immunocytometry Systems, San Jose, CA), was used for analysis and sorting. Compensations and gains were standardized with a suspension of lymph node lymphocytes stained with fluorescein-conjugated anti-B220, phycoerythrin-conjugated anti-CD8, and biotin-conjugated anti-CD4, followed after a wash by streptavidin-Red613 (Immunoselect; Life Technologies). The initial sort selected for Thy-l. l'""Ly-6NE'Sca2neg cells from the lineage depleted low-density population. Sorted cells were collected by centrifugation, a small sample was removed for evaluation of sort purity, and the remaining cells were resuspended in HBSS prewarmed to 37°C and containing 0.2 pmolk Rh-123 (Molecular Probes, Eugene, OR). A sample of normal bone marrow cells was also stained in parallel as a control. After a 20-minute incubation at 37T, the cells were collected by centrifugation, resuspended, incubated for 20 minutes in HBSS at 37°C to allow efflux of the Rh-l23 dye, centrifuged, and resuspended in 0.5 mL HBSS at 4°C. The cells were then sorted again, selecting for the lowest 10% of cells in the Rh-l23 staining distribution. Reanalysis of the sorted Rh-123'"' cells demonstrated a high level of purity (Fig 1) . Rh-123'"" cells were sorted as a population into a tube, and dilutions were made from that tube to obtain the desired number of cells based on the electronic count of the cell sorter. In some experiments, an Automatic Cell Deposition Unit (ACDU; Becton Dickinson Immunocytometry Systems) was used to deposit the required number of cells into the wells of a 96-well microtiter plate, with each well also containing lo5 normal B6-Ly-5.1 bone marrow cells in 100 pL of HBSS. The contents of the wells were then collected in l-cc insulin syringes (Becton Dickinson, no. 9410) and quantitatively transferred into the recipient mice. Results of reconstitutions using either of these two methods were not substantially different.
Zrradiations and reconstitutions. Bone marrow recipient animals (B6-Ly-5.1) were exposed to 10 Gy of radiation from a '37Cs source (Mark I gamma irradiator; J.L. Sheperd and Associates, Glendale, CA) at a dose rate of 1.4 Gylmin, with the total dose being delivered in two equal fractions separated by a 3-hour rest. Sublethal irradiations consisted of a single exposure to 7.5 Gy at the same dose rate. Suspensions of cells were transplanted by retroorbital injection under methoxyflurane anesthesia into the irradiated recipient mice. The recipient animals were maintained on oral aqueous antibiotics (neomycin sulfate, 2 mgImL; AgriLabs, Omaha Vaccine CO, Omaha, NE) for 2 weeks after the delivery of radiation. For the CFU-S assay, spleens were harvested 13 days after transplantation and fixed in Telleyesniczky's solution (70% ethanol-acetic acid-formalin, 20: 1 : 1 by volume) before macroscopic surface colony count.
Analysis of transplant recipients. At various times after transplantation, mice were anesthetized with methoxyflurane, and about 10 drops of peripheral blood was collected from the retroorbital sinus into 0.5 mL phosphate-buffered saline (PBS) containing 3 mgl mL EDTA plus 1 UImL heparin, pH 7.2. A volume of 0.5 mL 2% Dextran T500 (Pharmacia LKB, Piscataway, NJ) in PBS was added to each blood sample, and the mixture was incubated for 30 minutes at 37°C to allow sedimentation of red blood cells (RBCs). The upper layer of RBC-depleted fluid was harvested, and cells were collected by centrifugation and resuspended in ammonium chloride lysis buffer for 2 minutes. After a wash in HBSS, the cells were distributed into microtiter wells for immunofluorescent staining. Donor-and host-derived cells were distinguished with MoAbs specific for the two alleles of Ly-5." Dual-color immunofluorescence using a fluorescein-conjugated Ly-5 reagent specific for the donor allele, and biotin conjugates of antibodies specific for T-cell, B-cell, and myeloid lineages was used to phenotype donor-derived cells as previously described."
RESULTS
Functional characteristics of Rh-123'"" cells. To test short-and long-term repopulating ability of Rh-123'"" cells, a radioprotection study was performed. Rh-123'"" cells were purified from normal donor mice and transplanted into lethally irradiated animals that differed from the donors at the Thy-l and Ly-5 loci. Recipient mice received between 25 and 500 Rh-123'"" cells. All recipients of greater than 100 Rh-123'"" cells were radioprotected and long-term reconstituted (data not shown). A titration of the radioprotective potential of Rh-123'OW cells was evident at cell doses lower All animals survived at least 10 days, suggesting that fatalities were due to hematopoietic failure. At 17 months after the initial transplant, surviving animals from one of the three experiments were screened for donor-derived cells in peripheral blood. Of 12 surviving animals, 10 were positive, with 63% i 28% donor-derived cells in peripheral blood (range, 16% to 93%). Long-term repopulated survivors included animals from the 25, 50, and 100 cell groups. repopulation at intervals beginning at 6 weeks posttransplant and extending in some cases to 72 weeks posttransplant. Donor-derived peripheral blood cells were detected in virtually all radioprotected animals, although in animals receiving 25 Rh-123'"" cells, the frequency of donor-derived peripheral blood cells in two of nine surviving animals was less than 10% (Fig 2A) . Animals radioprotected by 100 Rh-123'"" cells were solidly repopulated by T, B, and myeloid cells expressing the donor allele of Ly-5 when analyzed as late as 72 weeks posttransplant (Fig 2B) . Of 23 animals radioprotected by 100 Rh-123"" cells in these experiments, 20 exhibited durable engraftment, with donor peripheral blood cells at levels greater than 80%, while three had lower levels of repopulation that declined with time (last two animals in Fig  2B) .
Limiting dilution analysis of repopulation by Rh-123'"" cells. The observation that as few as 25 Rh-123"" cells were able to radioprotect and long-term reconstitute a subset of lethally irradiated recipient animals (Fig 2A) suggested that the frequency of long-term repopulating stem cells in the Rh-123'" population was quite high. To allow limiting dilution analysis of fewer than 25 Rh-123'" cells, where the input cell number is lower than the threshold required for reproducable radioprotection, the competitive repopulation assay was used. Lethally irradiated recipient animals were reconstituted with lo5 normal syngeneic bone marrow cells in the presence of five Rh-123'" cells purified from Ly-5 congenic donors. As lo5 syngeneic bone marrow cells will usually radioprotect greater than 95% of a group of lethally irradiated mice, the five Rh-123'"" cells were not required to mediate this activity as they would be if injected alone. In two separate experiments, 46 of 47 irradiated recipient animals survived and were analyzed over a 6-month period for the presence of nucleated blood cells derived from the five injected Rh-123'"" cells. Of the 46 survivors, 30 were observed to have at least 10% of their blood cells expressing the donor allele of Ly-S. The results of peripheral blood screens from these animals are shown in Fig 3. Positive animals are shown in three groups, corresponding to distinctive patterns of repopulation. Animals shown in Fig 3A each had a high percentage of donor-derived cells (greater than 20%) at the earliest time evaluated (S weeks) and continued to maintain a high frequency of donor-derived cells over time. The animals shown in Fig 3B had 20% or fewer donorderived cells in the peripheral blood at S weeks, but in many cases the donor-derived cells eventually increased to higher frequencies and, in some cases, were the dominant population in the peripheral blood at 24 weeks. Figure 3C shows animals with a clear trend to decreasing numbers of donorderived cells over time. Again, two groups are evident: those with relatively high levels of donor-derived cells at S weeks and those with relatively low levels. Interestingly, all recipient animals shown in Fig 3 demonstrated To test whether the reconstituting cells had also regenerated a compartment containing primitive stem cells, the reconstituted animals were killed, and bone marrow from individual animals was harvested for flow cytometric stem cell enrichment. As the donor and recipient animals differed at both the Thy-l and Ly-S loci, stem cells enriched on the basis of Thy-I . 1 expression include those derived from the five input Rh-123'"" cells but not from the rescue dose of I O 5 normal bone marrow cells. In cases where sufficient numbers of Thy-l. I'""Linn'~Ly-6A/E' cells were recovered, these cells were subsequently separated into the Rh-123'"" subset for injection into sublethally irradiated animals. In all cases, the recovered Thy-l . I'""Lin"'FLy-6A/E' cells were analyzed for Rh-l23 staining, and each preparation included a substantial subset of Rh-123'""' cells (data not shown). A summary of results from these experiments is shown in Table 2 in all cases where large numbers of Thy-I . 1'""Lin"'gLy-6A/ E' cells were recovered from the bone marrow, there was also a high percentage of donor-derived peripheral blood lymphocytes (PBL, Table 2 ). The converse was not true, as in the cases of animals 8N and 4L. a high frequency of donor-derived PBL (87.0% and 95.5%. respectively) was not accompanied by a high recovery of Thy-1. I '""LinnCCLy-6A/ E' cells. Therefore. the peripheral blood content of donorderived cells did not predict the recovery of donor-derived stem cells from the bone marrow. In the best case (animal 6B. sort 170). 4,600 Thy-I . 1'""Lin"'gLy-6A/E' cells (derived from the five input Rh-123'"" cells) were isolated from the animal. This represents at minimum a 920-fold expansion of cells expressing the Thy-l. 1'"wLin"'FLy-6A/E' phenotype. The marrow sample (two femurs and two tibias) represents about 20% of the total marrow mass of the animal," and the efficiency of recovering Thy-l . 1'""Lin"'CLy-6A/E' cells by flow cytometric sorting is on the order of 10%. Therefore, the expansion could be as high as 46,000-fold in animal 6B.
Transplantation of the in vivo-expanded Thy-I . 1 '""LinnCg Ly-6A/E' cells into sublethally irradiated recipients was performed to ascertain the reconstituting potential of these cells. In separate experiments, five, IO, or 20 Rh-123'"" cells or 400 Thy-1.1 '""Lin"'gLy-6A/E' cells were transplanted into groups of B6-Ly-5.1 animals. As shown in the final column of Table 2 , a very low percentage of these animals (8 of 83 or 9.6%) exhibited donor-derived cells in peripheral blood 12 weeks after the transplant in spite of the large numbers of cells transplanted relative to the primary transplant experiments shown in Figs 2 and 3 . Of the eight donor-reconstituted animals observed in these experiments, the five with the highest levels of donor-derived cells are shown in Fig   For personal Abbreviations: Rh'"", Thy-l.1'o"Lin"egLy-6AiE+ Rh-123'"" cells were isolated and transplanted; Thy-l.l'o". Thy-l.1'oWLin"egLy-6AiE+ cells were isolated and transplanted; ND, no secondary transplant was performed.
The percent of peripheral blood that was donor-derived at the time of marrow harvest. 4A. These animals are derived from two sorts of individual primary recipient mice: sort 156 from animal 7B, in which 10 Rh-123'"'" cells were isolated and transplanted, and sort 164 from animal 4B, in which 400 Thy-l .11""Lin""pLy-6A/ E+ cells were isolated and transplanted. Figure 4A shows that only two of the eight positive animals were reconstituted at levels above 10% of the total PBL, and all animals had decreasing levels of donor reconstitution with age. Furthermore, the phenotypes of the donor-derived cells did not resemble our previous results after primary transplantation, in that few, if any, donor-derived B lymphocytes were observed in most animals. In addition to transplanting cells derived from individual transplant recipients (Table 2) , we pooled bone marrow from five recipients of five Rh-123'"" cells each and sorted sufficient numbers of donor-derived (Ly-5.2+) Ly-6A/E+Linn'g cells to transplant 1,000 cells into each of four lethally irradiated recipients. The results of these transplants are shown in Fig 4B. While several of the recipient animals engrafted well with donor-derived cells, reconstitution of the B lineage was variable. Few donor-derived B lymphocytes were observed 5 weeks after the transplants.
In contrast, primary competitive transplantation of five Rh-123'O" cells, as shown in Fig 3, often results in high percentages of donor-derived B lymphocytes 5 weeks postreconstitution. In both experiments shown in Fig 4A and B , repopulation of the T lineage was usually very strong relative to the results seen after primary transplantation. Therefore, the repopulations observed after transplantation of in vivo expanded Thy-1. 1'OWLinnegLy-6A/E+ or Rh-123'"" cells were qualitatively as well as quantitatively different from those observed after primary transplants. To examine the possibility that expansion from five cells might result in too much proliferative pressure to also maintain primitive stem cells, we isolated Thy-l. 1'o"Lin"'pLy-6A/ E+ cells from a pool of B6-Ly-5.1 recipient animals that had received 200 Rh-123'"" cells 8 to 10 months previously. The bone marrow of each of these animals contained a high frequency of donor-derived cells (96.9% 0.8%) at the time of harvest. These cells were transplanted in numbers ranging from 100 cells per mouse to 3,000 cells per mouse into lethally irradiated B6-Ly-5.1 animals, and the survival and repopulation with donor-derived cells was observed. In addition, the frequency of CFU-S in the enriched populations was measured at day 13 and was found to average 1 CFU-S per 40 cells. No survival (none of eight recipients) was seen after transplantation of 100 cells, a dose that routinely rescues most recipients when cells freshly isolated from normal bone marrow are transplanted.'' Transplantation of 1, OOO cells on four separate occasions rescued 22 of 28 recipients, while 3,000 cells rescued four of four mice. Analysis of the PBL content of donor-derived cells in the surviving mice yielded results similar to the previous secondary transplants (Fig 4C) , with decreased B-lymphocyte reconstitution and with many donor-derived T lymphocytes in some animals. Note that the predominant donor-derived populations at the 5-week time point in Fig 4B and C are myeloid.
Myeloid reconstitution after secondary transplantation. An unusual pattern of myeloid reconstitution was observed in all secondary transplant recipients, in which many granulocytes in the peripheral blood were of donor-origin and the monocyte population was predominantly host-derived ( Fig  5A through C) . Host-derived granulocytes were observed in cases where endogenous hematopoiesis recovered after the irradiation (Fig 5D) , but donor-derived monocytes were always very rare. The major host-derived population was phenotyped as T lymphocytes, which comprised 70% to 80% of the peripheral blood of the animals at 6 weeks postreconstitution. Total differential blood cell counts from these animals were essentially normal by 7 weeks postreconstitution, although the absence of donor-derived monocytes and the predominance of host-derived monocytes often persisted. Essentially similar results were obtained when unseparated bone marrow was harvested from primary transplant recipients and used for reconstitution of secondary hosts, demonstrating that the defective reconstituting activity was not due to selection of Thy-l . 1'"'"LinnegLy-6A/E+ cells from the total marrow population (data not shown).
To further investigate the unusual myeloid staining patterns shown in Fig 5, several animals were killed 6 to 9 weeks after reconstitution, and blood and bone marrow samples were analyzed. Isolation of Mac-l+ and Gr-l+ PBL of donor and host origin by flow cytometry followed by May-GrihwaldGiemsa staining of cytospin preparations confirmed the flow cytometric observations shown in Fig K , in that host Macl+/Gr-l+ cells were almost entirely monocytes. Donor-derived Mac-1 +/Gr-1 + cells were predominantly granulocytes, although both cytospins and the flow cytometric analysis For personal use only. on April 5, 2017 . by guest www.bloodjournal.org From showed that donor-derived monocytes began to appear by 9 weeks postreconstitution in some animals. Total bone marrow cytospin preparations at 7 weeks showed 70% of normal cellularity and normal mye1oid:erythroid ratios. Evaluation of the donor-derived component of the marrow showed elevated levels of granulocytes (80%) and few lymphoid cells, consistent with the low frequency of B lymphocytes in the PBL analysis.
In contrast with peripheral blood analysis, where many hostderived lymphocytes and monocytes were observed (Fig 5C  and D) , bone marrow from these animals had very low levels of host cells, except in cases with endogenous recovery (Fig   5D) . This result suggests a nonmarrow origin of the circulating host cells. Table 2 . Peripheral blood analyses of three recipients of 10 Rh-123'"" cells from sort 156 and two recipients of 400 Thy-l.l'owLin"*g Ly-GA/E' cells from sort 164 are shown. Recipient animals were sublethally irradiated B6-Ly-5.1 mice. (B) A pool of marrow from five mice transplanted with five Rh-123'0" cells 7 months previously was used in sort 218 t o enrich donor-derived (Ly-5.2') Ly6A/E'LinnW cells. Each recipient B6-Ly-5.1 mouse was lethally irradiated and transplanted with 1,000 cells. (C) A pool of marrow from 13 mice transplanted with 200 Rh-123'"" cells 10 t o 13 months previously was used in sort 220 t o enrich Thy-1.1'""Lin"egLy-6A/E' cells. Each recipient B6-Ly-5.1 mouse was lethally irradiated and transplanted with 1.000 cells.
DISCUSSION
Many studies have established the inefficiency of serially transplanted bone marrow in maintaining hematopoieWe have used the method of isolating hematopoietic stem cells based on cell surface antigen expression and Rh-l23 staining to reevaluate this question. We find that when cells expressing the phenotype of hematopoietic stem cells are isolated from bone marrow transplant recipients for a secondary transplant, the resulting reconstitution is incomplete. This occurs at cell doses that normally would result in complete reconstitution of irradiated recipient animals if the purified cells were obtained from normal bone marrow donors. This finding reinforces the conclusion that transsis.4.17.1X.24
For plantation damages the ability of hematopoietic stem cells to function in their normal role in vivolx.'s and demonstrates that cell surface phenotype can not be used as a direct measure of the reconstituting ability of a population of bone marrow-derived progenitors.
In contrast to a deficiency in the repopulating function of previously transplanted hematopoietic stem cells. we show here a remarkable ability of as few as five Rh-123'"" cells derived from normal bone marrow to solidly repopulate a majority of animals injected with these cells in the presence of a competing dose of IO5 normal syngeneic bone marrow cells. We found that five donor cells established repopulation of T and B lymphoid and myeloid lineages in the majority of the experimental animals, and in one third of the reconstituted animals, they contributed over half of the total nucleated peripheral blood cells 6 months after the transplant (Fig   3) . This result is consistent with the interpretation that a very high frequency of long-term repopulating hematopoietic stem cells are present in the Rh-12.3'"" bone marrow population. Radioprotective potential and CFU-S were also highly enriched by this selection method (1 CFU-S per 34 cells: Table 1 , legend). Due to the intrinsic efficiencies of each of these assays, it remains impossible to test whether the longterm repopulation, radioprotection, and CFU-S activities can be inherent in one single cell.x However, the data shown in Fig 3A suggest that the same cell that is capable of maintaining hematopoiesis over a 6-month period can also produce a high percentage of the peripheral blood of a reconstituted animal as early as S weeks posttransplant. It is difficult to imagine that such a cell would not also have CFU-S potential, as greater than 20% of the nucleated peripheral blood cells are derived from the transplant at the S-week For personal use only. on April 5, 2017 . by guest www.bloodjournal.org From time point. The data shown in Fig 3A and B are consistent with a deterministic hypothesis that several varieties of longterm repopulating hematopoietic stem cells exist in normal mouse bone marrow. One class of cell mediates both shortand long-term repopulations, as evidenced by the animals shown in Fig 3A, and another variety mediates only longterm repopulation as shown by the animals in Fig 3B and by the enrichment studies of other investigators.'"' A third class of cells with only short-term repopulating potential has also been reported, 6 and that type of cell is not highly enriched by the methods applied in this study. It is likely that the short-term repopulating activity of normal mouse bone marrow is due to cells that stain brightly with Rh-123.7. '5,26.27 While it is possible that the early and late components of the reconstitutions seen in Fig 3 are due to separate cells, this explanation requires that the efficiency of the competitive repopulation assay be extremely high, on the order of unity. This seems unlikely, as the cells must find their way into a permissive environment from the venous circulation, and the efficiency of this process could not be much higher than the seeding efficiency to the spleen (about 1 in 10 injected cells). As we injected five cells per mouse in these studies, and the frequency of significant repopulation (greater than 10% of peripheral blood) was about 64% (30 of 47 animals), it is unlikely that we are observing the engraftment of more than two cells per recipient. However, only single-cell studies will answer this question definitively.
The differences in reconstitution patterns seen in Fig 3  might also be due to a stochastic process at the level of stem cell seeding to specific microenvironments. Some microenvironments might favor self-renewal over lineage committment, for example, and contribute to the longevity of each seeded stem cell and its long-term contribution to the blood. If microenvironmental influences are indeed important in this system, it will be very difficult to differentiate them from effects due to heterogeneity in the injected cell population. One interesting outcome of the present experiments is that single lineage committments were never seen, and only a limited number of animals exhibited progeny in the B lymphoid and myeloid lineages without T lymphocytes also being detected. This type of reconstitution coincided with a low frequency (less than 10%) of total donor-derived cells in the cases where it was observed. Interestingly, we never observed a reconstitution consisting of only T lymphocytes, suggesting that either the Rh-123'"" cell population is incapable of seeding to the thymus, or that if this does happen, the resulting reconstitution is not limited to the T lineage.22.2' The astonishing level of efficiency observed in the repopulations reported here strongly suggests that a highly specialized receptor-ligand interaction must be involved in the localization of intravenously injected stem cells in appropriate microenvironments.2Y The high efficiency of engraftment observed in these studies compared with previous limit-dilution analyse^,^' where an engraftment efficiency of 1 in 22 cells was observed, is likely due to the selection for a more primitive cell population by low retention of Rh-l23 in the present study.
Animals reconstituted with either five or 200 congenic cells were used as bone marrow donors 8 to 13 months after the transplants to assess the extent of expansion of the input Rh-123'"" cells. We observed that five Rh-123'"" cells could reconstitute the Thy-1. 1'""LinnegLy-6A/E+ bone marrow compartment quite well, in some cases resulting in over 1,000-fold expansion of cells bearing this phenotype (Table  2) . However, we found that the cells bearing the stem cell phenotype, when isolated from transplant recipients. were not able to function in transplantation at the same level as those isolated from normal animals. We found that in vivo expanded stem cells were relatively poor at radioprotection and that reconstitution of the B lymphoid lineage after transplantation was often depressed (Fig 4) . In contrast, rapid and strong T lymphoid repopulation was observed in some cases, and myeloid reconstitution was skewed toward the granulocyte lineage and away from the monocyte lineage (Fig 5) . Essentially identical results were obtained after transplantation of unseparated bone marrow isolated from the primary recipient animals, demonstrating that our inability to recover functional stem cells was not simply due to an altered cell surface phenotype. In separate experiments, we have demonstrated that bone marrow harvested from primary recipients 2 weeks after transplantation of 2,000 Rh-123'"" cells can completely reconstitute irradiated secondary recipients.' It is not clear whether the kinetics of secondary transplantation (2 weeks v 8 to 10 months) or the number of cells transplanted into the primary recipients (200, as shown in Fig  4C, v 2 ,000) plays the major role in determining the success of the secondary transplantation. It is possible that the transplantation of 2,000 cells allows a significant number of cells to remain in a noncycling state and, thus, preserves a significant degree of repopulating potential. Thus, when large populations of cells are transplanted, it is not possible to distinguish self-renewing cell divisions from maintenance of quiescent stem cells. Our observations with the near-single cell reconstitutions used here suggest that the expansion of stem cells in vivo in this radiation-reconstitution model system does not result in an expanded population of cells with a reconstituting potential equivalent to native stem cells. This finding is in agreement with recent data describing in vitro expansion of LinnegLy-6A/E+ cells and the defective ability of those cells to be transplanted,3' and reinforces the proposal that cell surface antigen expression can not be strictly interpreted as an indication of potential stem cell function."
It is significant that stem cell expansion, both in vitro and in vivo, has been found to result in defective stem cell activity. Whether these findings indicate that the potential for hematopoietic stem cell expansion (self-renewal) is relatively limited or that the transplantation process and the culture systems currently used are detrimental to the selfrenewal process remains to be determined. Although the in vivo expansion system used in the studies reported here has the advantage of not requiring prior knowledge of the particular cytokines that might be important for stem cell expansion, it is likely that the level of proliferative stimulation encountered in the irradiated recipient mouse may not favor self-renewal. In addition, the manipulations involved in harvesting marrow and transplanting the cells intravenously are clearly not physiologic and may not accurately reflect the inate self-renewal potential of the cells in situ. A For personal use only. on April 5, 2017 . by guest www.bloodjournal.org From better model system for hematopoietic stem cell self-renewal may be the process of aging, as minimal or no experimental manipulations need occur. In the normal process of aging, the frequency of hematopoietic stem cells has been reported to increase ~l i g h t l y . '~.~~ Further, repeated hematologic depletions using hydroxyurea over a l-year time span also did not reduce the frequency of hematopoietic stem cells, in spite of significant and repeated cellular losses. 34 In the experiments reported here, we observed long-term repopulation mediated by one or a few donor-derived stem cells, a result that agrees with studies using retroviral marking.35-38 Taken together, these observations suggest that the hematopoietic compartment has extensive self-renewal potential and that the failure of secondary transplantations to reproduce this function is likely due to experimental manipulations. However, the role of clonal succession in normal hematopoiesis may preclude a requirement for indefinite expansion by individual hematopoietic stem cells.34,39,40 It will be important to characterize the parameters of marrow harvest and transplantation that contribute to the loss of self-renewal, particularly in the human system.
The observations noted in this study have potential implications for the prospect of expansion of human stem cells in vitro before transplantation and for gene therapy protocols. In many cases, expression of the CD34 antigen is the sole criterium by which the quality of stem cell expansion is evaluated. It is important to understand that functional assays for the activity of hematopoietic stem cells may not be displaced by phenotypic analysis, no matter how well the phenotype matches the activity in normal, unperturbed tissue. The prospect of stem cell expansion for the purpose of introducing foreign genes into the expanded population must be reconciled with the possibility that expanded populations of hematopoietic stem cells may be defective in long-term repopulating potential. For personal use only. on April 5, 2017 . by guest www.bloodjournal.org From
